ALD on graphene, and therefore these devices are the first reported graphene devices with contacts deposited by ALD. Electrical characterization of the devices confirms ambipolar transistor behaviour with typical field-effect mobilities in the range of 1000 -1800 cm 2 V -1 s -1 .
We observe clear signs of strong Pt-graphene coupling and contact induced hole doping, implying good contact properties in contrast to the conventionally weak bonding between Pt and graphene. We attribute these observations to the reduced amount of resist residue under the contacts, the improved wettability of the Pt due to the use of ALD, and the formation of a graphitic interlayer that bonds the Pt more strongly to the graphene. We conclude that directwrite ALD is a very suitable technique for metallization of graphene devices and to study the intrinsic properties of metal-graphene contacts in more detail. In addition, it offers unique opportunities to control the metal-graphene coupling strength.
3
The unique electronic properties of graphene have received considerable attention and make it an exciting material as the channel for nanoelectronic devices. [1] [2] [3] [4] [5] Despite its promising properties, the formation of good electrical contacts to graphene remains a key bottleneck for many applications even though a substantial amount of research has been devoted to this subject. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Due to its atomically thin nature, the graphene underneath metal electrodes can be heavily modified. For example, the density of states (DOS) of the graphene under the contacts can deviate from the typical Dirac cone found in pristine graphene, especially when the metal-graphene coupling strength is large. [16] [17] [18] [19] At the same time, a difference in work function between the metal and graphene results in contact-induced doping of the graphene, [7, 9, [19] [20] [21] [22] [23] [24] [25] increasing the number of conduction modes under the contacts. [9] The combination of the DOS modification and contact-induced doping effects largely control the electronic transport through metal-graphene interfaces, and they depend on the work function of the metal, [18, 20, 21 ] the metal-graphene distance [20, 21] and the wettability of the metal. [26] Even though it is clear that the metal-graphene interface is crucially important, this interface is often contaminated with resist residues originating from the processing of the graphene into devices. The fabrication of devices from large areas of graphene comprises patterning of the graphene to define the channel region, and metallization to form the contacts. Both the patterning and metallization conventionally include photolithography or electron-beam lithography steps in which the graphene must be covered by a resist film. However, removal of the resist film is a real challenge and a residue of the resist is known to remain on the graphene after processing. [27, 28] The resist residue is an uncontrolled processing by-product and can drastically alter the metal-graphene interface, e.g. by influencing the metal-graphene distance and metal wettability. As a result it controls the metal-graphene coupling strength and contact-induced doping [19] and has been shown to increase contact resistance. [29] [30] [31] Performance of graphene devices may be improved by using alternative patterning and metallization schemes, which avoid the use of resist films and offer better control over the metal-graphene interface properties. For example, earlier we have shown that direct cutting of the graphene by a focused ion beam is a viable alternative to conventional patterning techniques. [32] A Ga ion beam can be used to make thin cuts in the graphene to electrically isolate device channel regions without using any resist films. For alternative metallization schemes, atomic layer deposition (ALD) has been proposed as a technique for ideal metalgraphene contacts as it improves the morphology of the metal. [9] However, due to the chemical inertness of the graphene, nucleation of the ALD films is very problematic. ALD films on graphene are usually not closed as the metal(oxide) films nucleate preferentially on defects and grain boundaries. [33] [34] [35] Moreover, the combination of conventional lithography and ALD introduces significant challenges such as reflowing of the resist films at the temperatures required for metal ALD. [36] Both issues can be avoided by using direct-write ALD, which is a previously introduced technique that allows bottom-up deposition of ALD contacts. [37] [38] [39] Briefly, direct-write ALD combines the direct-write patterning technique of electron-beam induced deposition (EBID) with ALD to fabricate high-quality platinum (Pt) structures without the need for conventional lithography, resist films or lift-off steps. A thin seed layer of Pt/C is first deposited directly in the desired shape by EBID. An area-selective ALD process then transforms the seed layers into pure Pt structures by depositing Pt only on the seed layers (and not on the surrounding substrate) while it simultaneously purifies the seed layers by combusting the carbon in the oxygen half-cycles. Note that the EBID Pt/C material itself has a very high resistivity [40] of more than 10 6  cm (which makes it unsuitable as contact material directly), while direct-write ALD Pt structures exhibit a near-bulk Pt resistivity [38] of 11 ± 2  cm. By applying this technique for the deposition of graphene contacts, we can significantly reduce the amount of resist residue under the contacts and on the graphene channel and study the intrinsic properties of metal-graphene interfaces carefully.
In this work, we demonstrate graphene devices fabricated without the use of resist films by a unique combination of (i) direct patterning by focused ion beam and (ii) contact metallization by direct-write ALD of Pt. The device fabrication steps are shown schematically in Figure 1 .
We use electrical measurements to demonstrate good device performance in terms of fieldeffect mobility, and investigate the intrinsic properties of resist-free metal-graphene contacts.
The devices show clear evidence for contact-induced doping and unexpected strong Ptgraphene coupling, which is explained by the reduced impact of resist residue under the contacts, the high quality of the Pt-graphene contact interface obtained by direct-write ALD, and the formation of a graphitic interlayer that improves the bonding between the Pt and the graphene. Finally, we speculate that controlling the properties of this interlayer may offer much needed control over the metal-graphene coupling strength and the ability to tune contact properties as desired. Small cuts of about 500 nm in width are patterned with an ion dose of 10 C/m 2 , which is sufficient to electrically isolate the channel region. [32] The FIB process was optimized to prevent damage to the graphene in the channel by scattered ions as described elsewhere. [32] In the same DualBeam system, the contact pattern seed layers were then deposited by a standard Pt EBID process using MeCpPtMe3 precursor. Typical electron beam settings include an acceleration voltage of 5 kV, beam current of 20 nA and total electron dose of 1.2 nC/m 2 .
Finally, a home built ALD reactor was used to selectively deposit Pt on the contact seed layers by 500 cycles of an area-selective ALD process, using MeCpPtMe3 and O2 gas precursors at a substrate table temperature of 300 °C. More details about the direct-write ALD process are available in the Supporting Information and in previous publications. [37] [38] [39] Electrical characterization -Electrical characterization was carried out in a Janis micromanipulated vacuum probe station, using a Keithley 4200-SCS parameter analyzer. Samples were annealed overnight at 475 K in vacuum (~10 -4 mbar) to desorb contaminants from the graphene and reduce the ambient doping of the graphene. Measurements were carried out in vacuum after cooling the sample down to room temperature.
Results

Fabrication -The resist-free process for the fabrication of transfer length method (TLM)
devices is depicted schematically in Figure 1 and described in detail in the Methods. Figure 2 illustrates the various stages of the resist-free fabrication process by scanning electron microscopy (SEM) and optical images. measurements) where the area-selective ALD process has turned the seed layers into highquality Pt. [37, 39] From our previous work, [39] the thickness of the carbon-containing EBID seed layer (before ALD) deposited with a similar electron dose (~1 nC/m 2 ) is known to be approximately 8 nm, and it contains approximately 85% carbon. However, exposure to oxygen gas during the ALD process purifies the seed layers by combusting the carbon. After ALD, the seed layer is no longer distinguishable as a separate layer and the contacts consist of pure Pt all the way down to the substrate. [39] The final thickness of the contacts is estimated to be approximately 22 nm in these devices. Additional information about the purification of the seed layers in relation to our previous work can be found in the Supporting Information.
Some unintentional Pt deposition can sometimes be observed in the regions where the FIB was used to remove the graphene, most clearly where the contacts cross the FIB cuts. This may be caused by oxygen vacancies in the SiO2 substrate created by the FIB exposure, which activate the substrate and may cause the Pt precursor to adsorb or decompose. [42, 43] However, the deposition does not cause short-circuiting since it is in the form of disconnected particles and does not extend across the entire FIB cut (see Supporting Information).
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Since graphene is very sensitive to irradiation from ion and electron beams, [32, [44] [45] [46] [47] it is important to ensure that the FIB, EBID and ALD processes are not damaging the graphene.
Figure 3 (a) shows a Raman spectrum of the smallest channel of a completed device, compared to the spectrum of the same graphene before device fabrication. The presence of only a small D-peak shows that damage in the graphene is minimal, but not completely prevented. Figure   3 (b) shows a map scan of the D peak intensity across the device channels. As expected, the graphene is damaged around the FIB cuts, but the damage is reduced to background levels within 1 m. There is no change in D peak intensity around the contacts indicating that the EBID and ALD processes do not damage the graphene channels. Device quality -The graphene devices were electrically characterized to confirm that they operate as typical graphene devices and to assess their electrical performance. Since we used a 2-probe measurement configuration, the electrical measurements include contact resistance (which is an important device property) but also a parasitic series resistance from the metal leads (paths from the large "contact pads" to the channel). This parasitic metal lead resistance is small and negligible in typical devices. However, due to the long length of the paths in the devices in this work the metal lead resistance is not negligible and contributes about 330 -650
 depending on the channel measured. Since the metal lead resistance is not relevant for the device properties, the data in Figure 4 has been corrected for contribution of the metal lead resistance as described in the Supporting Information. Any contact resistance however is still present in the data. The transfer characteristics in Figure 4 (b) can be used to extract the field-effect mobility  of devices by fitting the device resistance R with the commonly used model in Equation (1), as proposed by Kim et al. [48] :
Here, W and L are the channel width and length, 2 
SiO
 is the permittivity of the gate dielectric of thickness tox and e is the electronic charge. The additional term quadratic in VGS -VDirac with fit parameters  and  fits the asymmetry of the data as proposed by Di Bartolomeo et al. [49] The field-effect mobility , the contact resistance RC, the intrinsic charge carrier density at the Dirac point n0, and the gate voltage of the Dirac point VDirac are used as the remaining fit parameters.
The resulting fits are shown using the solid lines in Figure 4 (b), and the extracted field-effect mobility  is shown in Figure 5 as a function of the channel length for several representative devices. The mobility ranges between ~1000 to ~1800 cm 2 V -1 s -1 and varies from device to device, possibly due to graphene quality variation. We do not observe a clear trend in channel length dependence, as expected for these length scales. [50] These mobilities are similar to typical CVD graphene devices [51] [52] [53] [54] and are the same as mobilities obtained by large-scale van der Pauw measurements on similar graphene layers, indicating that the devices are performing well. 
Discussion
When graphene is contacted by metallic contacts, a charge transfer occurs in order to equilibrate the work function difference between the metal and graphene. Because the density of states (DOS) in graphene is very low (especially compared to the metal contacts), a small charge transfer leads to a large shift in the Fermi level of the graphene, [20, 21] not only under the contacts but extending some distance LD into the channel. [22] Effectively the contacts dope the graphene near the contacts with either electrons (n-type) or holes (p-type), with the strength and polarity depending not only on work function difference, but also on the metal-graphene distance due to chemical interaction. [20, 21] However, the type of charge carriers in the bulk of the channel is controlled by the electrostatic gate potential. When the type of charge carriers induced electrostatically by the gate is different than the type of charge carriers induced by the contacts, a p-n junction forms near the contacts which increases the device resistance, see The contact induced doping also shifts the Dirac point, as is observed in Figure 4 (b). The shift becomes more apparent as the channel length is decreased, as a relatively larger part of the channel is doped. The direction of the shift can be used to determine the type of contact doping [24] : electron (hole) doping shifts the Dirac point to more negative (positive) gate voltages when the channel length is decreased. The Dirac point shift for the Pt direct-write ALD contacted devices is plotted as a function of the channel length in Figure 7 (b). Apart from one outlier (device "5"), all devices show a significant shift to more positive gate voltages for smaller channels, which is another indication of hole doping from the Pt to the graphene.
According to Ifuku et al [19] , the doping length LD may be extracted from the data in Figure 7 (b) as an exponential fit parameter. However, no exponential behavior is observed for these devices, therefore the doping length could not be estimated.
Finally, the extraction of apparently negative contact resistance when using invasive contacts (crossing the entire channel) is also attributed to contact doping effects. [8, 55] If the contact quality is high and the contact doping effect is strong, the additional doping extending into the channel effectively changes the channel resistance (even at the Dirac point). This lowers the contact resistance as measured by e.g. TLM, and apparently negative contact resistances can occur when the effect exceeds the actual contact resistance. Therefore, in this case it is impossible to accurately measure the actual contact resistance, even with other popular geometries such as four-point probe measurements. While this is beyond the scope of this work, the contact doping effects can be excluded by using non-invasive contacts. [14, 22] layer is no longer distinguishable after ALD, [39] it is likely that a very thin graphitic interlayer remains at the Pt-graphene interface. While Pt itself typically physisorbs very weakly to graphene, [20, 21] the graphitic interlayer may result in much stronger chemisorption (larger coupling strength), as has been shown previously for both graphene [57] and carbon nanotubes. [58] The three mechanisms discussed all influence the coupling strength between the metal and graphene, and the contact induced doping from the metal to the graphene. The metal-graphene coupling is crucially important because it effects the density of states (DOS) in the graphene under the contacts. When the metal-graphene coupling is strong, the DOS under the contacts distorts and increases especially at the charge neutrality point, [17, 19] happens at a different gate potential. The secondary peak may become unobservable if it is too broad or overlaps with the main peak. This happens when the metal-graphene coupling is strong, or if the contact induced doping is too small [17] . The devices in this work show a large contact induced doping effect, but the transfer characteristics do not show a secondary resistance peak. This indicates that the Pt-graphene coupling is relatively strong. It should be noted that it is not immediately clear whether weak or strong metal-graphene coupling is preferred. For very weakly coupled contacts, the minimum contact length required for highly transmissive contacts (low contact resistance) becomes larger [17] , which hinders device scaling. Interestingly however, very strongly coupled contacts also lead to an increase in device resistance due to an overlap between the main and secondary resistance peaks [17] . Therefore, ideally the coupling strength should be controlled to find the best compromise, e.g. weak enough to allow sufficient contact induced doping, but at the same time strong enough to avoid the requirement of large contact lengths. The Pt/C seed layer in the direct-write ALD metallization scheme provides a unique approach to possibly control the metal-graphene coupling. For example, the coupling may be influenced by the thickness and the composition of the seed layer (controlled by EBID process parameters), or by varying process conditions such as purification of the seed layers prior to the ALD step. [39] So far the seed layer properties have been chosen only on the basis of obtaining nucleation of the selective ALD process, and a study of their influence on the electrical properties of devices is left for future work.
Conclusions
In conclusion, we have demonstrated resist-free fabrication of graphene devices. The 
